Abstract-The temperature investigation for conical rotor motor is relative important at the design step to insure the safety operation. This paper presents a transient thermal analysis mainly based on the lumped parameter thermal network (LPTN). Because the complex structure of the rotor, the computational fluid dynamics (CFD) method is adapted to simulate the fluid flow condition in order to achieve accurate heat transfer coefficients and, Then, these coefficients are applied to the LPTN model. Finally, the accuracy of the results is verified by the temperature test, and good agreements are achieved.
INTRODUCTION
The conical rotor motor is usually used in the crane and other hosting machines due to its self-locked ability. To insure its safety operation, it is also important to investigate the transient thermal analysis because of the intermittent load.
In many publications, some researchers use finite volume method to obtain accuracy temperature distribution and fluid condition at the same time [1] . However, this method is often used to calculate the static temperature distribution due to its relative minimal transient time step (usually 10 to 100 µs per step), this is mainly because of the dynamic flow calculation. Thus, this method is not suitable for time varying simulation. In contrast, the LPTN is strongly simplified to reduce the setup and computing time. The complete electrical machine is represented with limited nodes [5, 6] and the acceptable average temperature of the components is calculated. With regard to the conical rotor motor, there are few published papers for thermal investigation and, this work should have certain value for motor designers. The structure of the conical rotor motor investigated in this paper is shown in Fig. 1 . Comparing to the traditional method, it is not appropriate to regard it as a simplified geometries and use empirical equations to estimate surface heat transfer coefficients because of the conical structure, which could lead to the different flow condition in the air gap. Thus, the 3D FVM model is built to estimate the flow rate in air gap and end core to ensure the accurate heat transfer coefficient of this motor. The losses obtained from the electro-magnetic model and the heat transfer coefficients calculated via fluid model are considered as input in the LPTN model. While the temperature is corrected by the winding loss, and vice versa. Finally, after an iterative process, the static and transient thermal results are calculated by the LPTN model, and verified by the temperature test and numerical simulations.
II. THERMAL ANALYSIS
The dimensionless numbers calculated by FVM model, such as Reynolds (Re), Grashof (Gr), Prandtl (Pr) and Nusselt (Nu), are used for nature and forced convections [7] Nu (Gr Pr) 
where h is the heat transfer coefficient, µ the fluid dynamic viscosity, ρ the fluid density, k the fluid thermal conductivity, c p the fluid specific heat capacity, v the fluid velocity, ΔT the temperature difference of surface fluid, L the characteristic length of the surface, β the coefficient of cubic expansion, and g the gravitational force of attraction.
The thermal resistances are determined by the geometric dimensions, thermal properties of the materials and heat transfer coefficients. The thermal resistance of components can be calculated using the formulation ( )
where l and A are the path length and areas, respectively.
The thermal capacity C of each node is given by the specific heat capacity c and component mass m C m c = ⋅ (8) The LPTN model is implemented in MATLAB/Simulink by replacing the thermal circuit components with their electric circuit alternatives. The whole LPTN model is shown in Fig. 2 . As a starting point the entire motor losses are assumed constant and the copper loss is calculated during operation and are assigned to the winding nodes 2 cu s,0 Cu sw sw,0
Here, R s,0 is the DC ohmic resistance measured at constant winding temperature and α Cu is the copper temperature coefficient. Skin and proximity effect influences have to be neglected as they cannot be analytically calculated without any detailed winding information. The step time is set as 10 s and the temperature of windings are shown in Fig. 3 .
III. THERMAL COMPARISON AND MEASUREMENTS
The LPTN model and CFD model are applied with the S1 operating conditions in order to verify the accuracy of boundary conditions. The average temperature of aluminous bars obtained by LPTN model is 229.8 o C, compared with 234.9 o C of CFD model, which shows a good agreement.
For further verification, the winding temperature is measured by using an electrical resistance method in the S3-25% operation. The electrical resistance of winding is measured immediately when power off, the measured temperature rise for the winding is 54.1 o C. It can be noted that the temperature is located at the hottest point between core winding and end winding, which presents excellent agreement between the LPTN model and measurement.
IV. CONCLUSION
This paper has presented a relatively simple and accurate lumped parameter thermal network for the conical rotor motor to calculate the static (S1) and dynamic (S3-25%) temperature characteristics. The heat transfer coefficient applied in the LPTN model is determined by fluid analysis by using CFD method, while the loss with temperature feedback is taken into account. The simulation results of the method that are in good accordance with the experience and 3D-CFD, confirming the effectiveness of the LPTN method.
